Highlights d Individuals with age-related macular degeneration can develop visual hallucinations d Visual cortical hyperexcitability may cause hallucinations d We measured cortical excitability using frequency-tagged visual stimulation d Individuals with hallucinations showed hyperexcitability relative to controls
In Brief
Visual hallucinations often result from age-related degeneration of the retina. Painter et al. show that these hallucinations are associated with stimulus-driven hyperexcitability within early visual cortex, providing the first evidence for an influential but untested hypothesis.
Throughout the lifespan, the cerebral cortex adapts its structure and function in response to changing sensory input [1, 2] . Whilst such changes are typically adaptive, they can be maladaptive when they follow damage to the peripheral nervous system, including phantom limb pain and tinnitus [3, 4] . An intriguing example occurs in individuals with acquired ocular pathologies-most commonly age-related macular degeneration (MD) [5] -who lose their foveal vision but retain intact acuity in the peripheral visual field. Up to 40% of ocular pathology patients develop long-term hallucinations involving flashes of light, shapes, or geometric patterns and/or complex hallucinations, including faces, animals, or entire scenes, a condition known as Charles Bonnet Syndrome (CBS) [6, 7, 8] . Though CBS was first described over 250 years ago [9, 10] , the neural basis for the hallucinations remains unclear, with no satisfactory explanation as to why some individuals develop hallucinations, while many do not. An influential but untested hypothesis for the visual hallucinations in CBS is that retinal deafferentation causes hyperexcitability in early visual cortex. To assess this, we investigated electrophysiological responses to peripheral visual field stimulation in MD patients with and without hallucinations and in matched controls without ocular pathology. Participants performed a concurrent attention task within intact portions of their peripheral visual field, while ignoring flickering checkerboards that drove periodic electrophysiological responses. CBS individuals showed strikingly elevated visual cortical responses to peripheral field stimulation compared with patients without hallucinations and controls, providing direct support for the hypothesis of visual cortical hyperexcitability in CBS.
RESULTS AND DISCUSSION
The CBS Hyperexcitability Hypothesis Neuroimaging studies of individuals with visual hallucinations secondary to ocular pathology have revealed elevated activity in the visual cortices during spontaneous hallucinations and at rest [11] [12] [13] . A neurophysiologically and computationally plausible explanation for increases in spontaneous activity is that deafferentation leads to visual cortical hyperexcitability [14, 15] . Such hyperexcitability commonly follows deafferentation of inputs from the spinal cord [16] , cortex [17] , and peripheral sense organs [18] [19] [20] [21] and can affect both spontaneous and input-driven activity of deafferented neurons [16, 17, 20] . In fact, hyperexcitability may occur spontaneously in homeostatic information systems deprived of input, as recently demonstrated by a deep neural network simulation of CBS [14] .
A prominent neurophysiological example of hyperexcitability pertinent to CBS is the post-deafferentation shifting of neuronal receptive fields. Following induced retinal lesions, primary visual cortical (V1) neurons within the lesion-projection zone are initially rendered unresponsive to retinal stimulation. Within minutes of the lesion, the receptive fields of neurons within the border of the lesion-projection zone may become enlarged and shift their locations outside the scotoma. In the following months, more central locations within the lesion-projection zone recover stimulus-driven responses with even greater receptive field shifts [22] [23] [24] . Consistent with these changes in receptive field properties at the level of single neurons, whole-brain imaging studies of MD patients have shown that stimulation of the intact retina activates the lesion-projection zone [25, 26] . Thus, connections between deafferented neurons and intact retinal afferents may produce hyperexcitability across cell populations because stimulation of the intact retina excites a greater proportion of neurons postdeafferentation.
Although post-deafferentation hyperexcitability has been demonstrated in the context of scotomas in animal models [22] [23] [24] , there has been no direct support for the hypothesis that the hallucinations observed in CBS individuals are associated with visual cortical hyperexcitability. Previous neuroimaging studies of CBS [11] [12] [13] did not isolate stimulus-driven activity from endogenous activity and hallucinations. If the hypothesis of hyperexcitability is correct, three predictions can be made. First, individuals with CBS should show hyperexcitability in response to stimulation of intact portions of the retina. Second, given that hallucinations suggest more widespread cortical activity in individuals with CBS than in MD patients without hallucinations, hyperexcitability should be stronger in CBS individuals than in those with ocular pathology alone. Third, hyperexcitable cortical responses should not depend on the modulatory effects of selective attention, distinguishing hyperexcitability from voluntarily shifting fixation such that stimuli appear at a preferred, intact retinal locus [26] .
Study Participants
To assess CBS hyperexcitability, we used electroencephalography (EEG) to track cortical activity in response to rapid periodic stimulation [27, 28] of the intact peripheral retina in three groups of observers: MD patients with visual hallucinations consistent with CBS (CBS group), MD patients without hallucinations (MD group), and older controls with normal (age-appropriate) vision (control group). Eight participants were recruited for each group. MD patients were assigned to the CBS group if they reported hallucinations on multiple occasions following the onset of their MD. The CBS participants reported a variety of visual hallucinations, including faces, human figures, animals, and intricate and dynamic geometric patterns (see Table S1 ). Common features of their reports were that the hallucinations occurred during clear and otherwise normal consciousness and were readily distinguishable from reality. Importantly, none of the CBS individuals experienced hallucinations during testing, allowing us to isolate stimulus-driven electrophysiological responses from neural activity due to hallucinations.
Hyperexcitability to Peripheral Visual Field Stimulation in Charles Bonnet Individuals
To assess hyperexcitability, task-irrelevant checkerboards flickered at unique frequencies producing distinct frequency-tagged steady-state visual evoked potentials (SSVEPs) [27, 28] , allowing us to isolate stimulus-driven responses from endogenous activity and hallucinations ( Figure 1A ). The strongest sources of SSVEPs detected by EEG are in early visual (V1, V2) and occipital cortices [28] , allowing assessment of hyperexcitability in these regions. To assess selective attention, participants monitored for briefly presented target letters that appeared within streams of distractor letters in the intact peripheral visual field (see Figure 1B) . Participants searched for targets that were defined either by a unique color (unique-feature search; Video S1) or by a combination of color and shape (conjunction search; Video S2), a task that is more demanding of attentional resources [29] .
The primary question of whether CBS is associated with visual cortical hyperexcitability to peripheral visual field stimulation was addressed using checkerboard SSVEPs. Consistent with the prediction of visual cortical hyperexcitability, checkerboard SSVEP amplitudes were significantly elevated for the CBS group (M = 0.66, SE = 0.10) compared with both the MD group (M = 0.40, SE = 0.04; t 14 = 5.40, p = .040) and controls (M = 0.33, SE = 0.07; t 14 = 2.54, p = .023; group effect: F 2,21 = 4.87, p = .018, h 2 = .317; Figure 2 ). Amplitudes did not differ significantly between the MD and control groups (t 14 = 0.81, p = .434), indicating that elevated responses were specifically characteristic of the CBS group. Independent of group, checkerboard SSVEP amplitudes were significantly lower during conjunction search (M = 0.43, SE = 0.04) than uniquefeature search (M = 0.49, SE = 0.05; F 1,21 = 18.66, p < .001, h 2 = .471), consistent with reduced attention to the checkerboards during conjunction search [29] (Figures 2A and 2B ; see also Figure S1 and S2). All other ANOVA-level effects were non-significant (Fs 2,21 < 2.03, ps > .156, h 2 s < .162), indicating that only overall stimulus-driven checkerboard SSVEP amplitudes distinguished the CBS group from the MD and control groups. These results were not explained by age, cognitive status, duration of visual loss (see STAR Methods), behavioral performance (see Figure S1 ), selective attention (see Figure S2 ), endogenous frequency band activity in the resting state (see Figure S3) , differences in the extent of the functional scotoma (see Figure S4 ), or extreme cases within the CBS or MD groups. Thus, CBS hyperexcitability was specific to peripheral visual field stimulation, suggesting an important distinguishing feature of individuals with CBS relative to MD patients without hallucinations.
To investigate the timing of CBS hyperexcitability, we used Morlet wavelet time-frequency analyses. Inspection of the event-related potential (ERP) averaged across groups and frequencies at electrode POz showed that SSVEP responses continued throughout peripheral visual stimulation following a positive-going peak (P1) to checkerboard onset ( Figure 3A ). In the time-frequency domain, checkerboard onset produced a broadband frequency response that encompassed and extended beyond the checkerboard frequency range. Within the first second of stimulation, SSVEP responses for both checkerboard frequencies were readily discernible ( Figure 3B ). Permutation testing assessed statistical significance while controlling for multiple comparisons across time points and contrasts (a = .05, two-tailed). The first contrast showed significantly higher checkerboard SSVEP amplitudes (mV) for the CBS group compared with the MD group at both checkerboard frequencies and at multiple time points after prolonged stimulation (i.e., > 2.0 s into the 10.4 s trial). The reverse pattern (i.e., MD > CBS) was not observed at any time point during the trial, confirming prolonged hyperexcitability in CBS individuals. The second contrast also revealed a significantly higher evoked response in the MD group than in the controls, but this was At the start of each trial, participants received a cue indicating the target (red in this example). Participants monitored a continuous stream of letter arrays in peripheral vision to verbally report zero, one or two occurrences of targets at the end of each trial. See also Videos S1 and S2 and Figure S1. confined to a brief period (< 0.5 s) at the onset of the checkerboard stimulus, reflecting an early, broadband P1 response (Figure 3C ). By contrast, CBS hyperexcitability occurred well after checkerboard onset and continued throughout the period of stimulation, distinguishing individuals with CBS from MD patients without hallucinations.
There are acknowledged limits in the extent to which EEG data can accurately localize neural activity [30] when compared with techniques such as functional magnetic resonance imaging (fMRI). With this caveat in mind, we sought to establish the most likely cortical sources underlying CBS hyperexcitability by taking grand mean ERPs for each participant and localizing these to the cortical surface of a standardized brain template. Fast Fourier transforms (FFTs) were performed at the source level for the stimulation period 6.2-8.0 s relative to checkerboard onset, encompassing the period of maximal difference between the CBS and MD groups for both checkerboard frequencies (Figure 3C ). Permutation testing assessed statistical significance while controlling for multiple comparisons across vertices separately for each checkerboard frequency (a = .01, two-tailed). As shown in Figure 4 , checkerboard SSVEP amplitudes (mV) were significantly higher for the CBS compared with the MD group across a large cortical expanse. Consistent with generators in early visual cortex, CBS hyperexcitability was maximal in V2 and extended to V1, the earliest stage of visual cortical processing. Hyperexcitability was present elsewhere in occipital cortex and to a lesser extent in parietal cortex. The 8.33 Hz checkerboards produced additional sources in the right temporal cortex. Hyperexcitability was not present within frontal cortex. These results suggest that CBS hyperexcitability to peripheral visual stimulation affects the earliest stages of visual cortical processing together with more distributed cortical networks.
Support for the CBS Hyperexcitability Hypothesis
Here, we tested the influential but untested hypothesis that retinal deafferentation leads to visual cortical hyperexcitability in CBS [14, 15, 31, 32] . We used EEG to isolate rapid periodic frequency-tagged neural responses to peripheral visual field stimulation in CBS individuals and matched MD patients without hallucinations and older controls without ocular pathology. Consistent with the prediction of hyperexcitability, neural responses to peripheral visual stimulation were strikingly elevated for the CBS group compared with both the MD and control groups. CBS hyperexcitability was specific to peripheral field stimulation rather than endogenous oscillations at rest. The results establish a hypothesized feature, distinguishing individuals with CBS from patients with macular pathology but without hallucinations [14, 15, 31, 32] .
A number of results establish hyperexcitability to peripheral stimulation as being specifically associated with CBS. Hyperex-citability was not a general consequence of MD, as it was not present in MD patients without hallucinations. Additionally, hyperexcitability was not attributable to age, cognitive status, duration of visual loss, the extent of the functional scotoma, or overall task performance, as these characteristics were matched between the CBS and MD groups, nor was the elevated stimulusdriven activity directly caused by hallucinations, as none of the CBS participants experienced hallucinations during the EEG recordings. Indeed, the hyperexcitable responses we measured were time-locked specifically to the frequencies of the peripheral checkerboards. The frequency-based analyses thus permitted us to rule out any potential contribution from non-periodic perceptual events such as hallucinations. The fact that the CBS individuals did not experience hallucinations during testing may owe to their engagement in a challenging attentional task and viewing salient stimuli. Similarly, hyperexcitability did not reflect overall increases in electrophysiological activity as frequency tagging isolated responses to peripheral stimulation from endogenous oscillations at rest, which did not differ between the groups (see Figure S3 ). Together, the results indicate that CBS hyperexcitability depends on external sensory input and the activity of cortical neurons sensitive to intact retinal afferents.
In seminal fMRI experiments, Ffytche and colleagues examined visual cortical responses in ocular pathology patients with CBS [12] . The work demonstrated increased activity during hallucinations and increased endogenous activity during rest [32] , but not hyperexcitability to peripheral field stimulation. The current study therefore goes beyond earlier work by showing that hyperexcitability in CBS individuals can be independent of hallucinations and endogenous neural activity.
Though CBS has long been described, the neural basis for the hallucinations has remained unclear, with no satisfactory explanation as to why some ocular pathology patients develop hallucinations, while the majority do not. Our results place an important puzzle piece by demonstrating an association between CBS hallucinations and hyperexcitability to peripheral visual field stimulation. On average, individuals who experience hallucinations also show visual hyperexcitability. Such hyperexcitability may result in hallucinations, as suggested by the experiments of Ffytche [12] , Reichert [14] , and colleagues, given appropriate triggers [33] . While, for many individuals, hallucinations manifest under low light or periods of inactivity, for other individuals, hallucinations may be triggered by external stimulation, such as watching television or riding in a car [34] . Even within individuals, the hallucinations can arise under varied environmental conditions [5] . It is therefore difficult to establish a direct link between the onset of hallucinations and specific triggering conditions. Rather than seeking to establish such a link, our goal was to examine the widely cited but untested hypothesis that CBS hallucinations are associated with hyperexcitability of early visual cortex [14, 15, 31, 32] . We have shown that individuals with CBS are reliably distinguished from MD patients without hallucinations by the presence of a hyperexcitable neural response to peripheral visual field stimulation. This hyperexcitable response is consistent with the hypothesis that deafferented neurons in early visual cortex become more susceptible to activation from neighboring neuronal ensembles that receive input from unaffected peripheral regions of the visual field. At present, there are no standardized tests for CBS; diagnosis relies entirely on self-report and a process of exclusion [33, 35] . Common diagnostic criteria include visual hallucinations without delusions, loss of vision from ocular disease, hallucinations not attributable to other causes (e.g., dementia, medication), and insight that the hallucinations are not real [5] . Misdiagnosis and mistreatment of ocular pathology patients with CBS continues [35] . Though most patients have a neutral or even positive emotional response to the hallucinations, a minority find the hallucinations distressing [36] . At present, best practice is to reassure individuals that their hallucinations are benign and not a reflection of brain disease or mental illness [36] . Based on our findings, future treatments could aim to down-regulate cortical hyperexcitability in CBS, perhaps through repeated application of non-invasive brain stimulation protocols that induce long-lasting plastic changes in underlying cortical networks (for review, see [37] ).
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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METHOD DETAILS

Peripheral Visual Field Stimulation and Attention Tasks
For the attention tasks, participants monitored peripheral vision for targets (upright letter ''T'' -cued in the color red or green), while ignoring peripheral task-irrelevant red and green flickering checkerboards. The target appeared unpredictably in the left or right visual hemifield and was paired with a distractor-colored letter in the opposite hemifield, forming a two-element bilateral letter array. Participants searched for targets that were defined either by a unique color (unique-feature search task), or by a combination of color and shape (conjunction search task). After each trial, participants made an unspeeded verbal response (''zero'', ''one'' or ''two''), which was recorded by experimenter keypress. The red and green checkerboards occupied a region 7.8 -18.0 horizontally and 7.8 -13.8 vertically from fixation. During stimulation, each checkerboard color occupied one of two adjacent positions. When one color flickered, all checks of that color shifted to the previously unoccupied location. In this manner, differently colored checks occupied adjacent but non-overlapping locations (see Videos S1 and S2). The pairings of checkerboard color, position, and flicker frequency were counterbalanced across trials within each block. To ensure discriminability of the letters, the checkerboards were occluded by black disks 8.7 in diameter at the letter locations (see Figure 1A ).
There were 192 trials (8 blocks 3 24 trials per block), and these were divided into equal numbers of unique-feature/conjunction and red/green searches. The two search tasks were run in separate blocks, and block order was randomized. The target color was constant within a block, and each block lasted 4.5 min, excluding behavioral responses. Each trial consisted of a continuous stream of REAGENT 12 letter arrays and contained zero, one or two targets with equal probability. In the unique-feature task, target-absent arrays consisted of two distractor-colored letters, and target-present arrays consisted of one target-colored letter (i.e., the target). In the conjunction search task, target-absent arrays consisted of one target-colored and one distractor-colored letter. Letters were randomly selected from among red and green ''Ls'' and ''Ts'' of four orientations (0 , 90 , 180 , and 270 ) . The letters were presented at an eccentricity of 12.0 and spanned 3.7 3 3.7 of visual angle. Before each block, participants received enforced 30-s rests without stimulation, during which resting state EEG data were recorded. During the rest periods, participants were instructed to minimize movements and to relax with their eyes open. Participants were prompted by the experimenter to indicate when they were ready to continue.
To ensure that participants maintained attention throughout the task, targets were distributed at different temporal intervals across successive arrays within each trial. On one-target trials, the target appeared between arrays 3 -12 (inclusive). On two-target trials, the first and second targets appeared between arrays 3 -10 and 11 -12 (inclusive, and respectively). The two targets were separated by at least one intervening array. On zero-target trials, no target was presented. The intermingled presentation of zero-, one-and twotarget trials meant that participants had to maintain their attention on the letter arrays until the end of every trial. After the last array, a response screen prompted participants to indicate how many targets were present (zero, one or two). Participants received feedback in the periphery of the visual field (1 s; correct: ''Y'', incorrect: ''N''). Successive trials began immediately after feedback.
Stimuli were presented on an NEC Accusync 120 CRT monitor running at 100 Hz with a resolution of 800 3 600 pixels. Stimulus presentation was controlled using the Cogent 2000 Toolbox (http://www.vislab.ucl.ac.uk/cogent.php) for MATLAB (MathWorks), running under Windows XP. Viewing distance was 57 cm. All stimuli were matched for luminance (17.4 cd/m 2 ) using a photometer and were presented against a black background (RGB: 0, 0, 0). Letters and checkerboards were red (RGB: 255, 0, 0) or green (RGB: 0, 119, 0). The experiment was conducted in a darkened room.
Functional Scotoma Mapping Task
To assess the extent of the functional (i.e., behavioral) scotoma for the CBS and MD groups, we developed a scotoma mapping procedure using a psychophysical stimulus identification task. On each of 120 trials, participants were required to report the presence/ absence and identity of a briefly presented (200 ms) target letter (red or green ''T'' or ''L''). Targets were accompanied by a white noise cue sound (200 ms). The target was presented on 80% of trials at one of 24 locations, defined by a combination of eccentricity (4, 8 or 12 of visual angle) and polar angle (0, 45, 90, 135, 180, 225, 270 or 315 ). Targets were presented at each location four times. Target sizes (1.831.8, 3.133.1 or 3.733.7 ) were scaled with eccentricity to account for cortical magnification [40] . Targets at 12 eccentricity and 0/180 polar angle matched the target stimuli of the main experiment. Targets were absent on 20% of trials. On these trials, only the cue sound was presented. Target locations and present/absent trials were presented in a random order. The combination of target color (red or green) and letter (''T'' or ''L'') was counterbalanced for each position.
EEG Recording and Preprocessing
A BioSemi Active Two amplifier (BioSemi, Amsterdam, Netherlands) recorded continuous EEG data at 1024 Hz from 64 active scalp Ag/AgCl electrodes, arranged according to the 10-20 system within a nylon head cap. The driven right leg electrode (DRL) served as the ground, and all scalp electrodes were referenced to the common mode sense (CMS) electrode during recording. Eye movements were monitored online using bipolar horizontal electro-oculographic (EOG) electrodes placed at the outer canthi of each eye and bipolar vertical EOG electrodes placed above and below the left eye.
EEG preprocessing was conducted using Brain Electrical Source Acquisition software (BESA 6.0; MEGIS Software GmbH, Gr€ afelfing, Germany). Noisy scalp electrodes, identified via visual inspection, were replaced by a spherical spline interpolation of the voltages of all other scalp electrodes. Each scalp electrode was referenced to the average of all 64 scalp electrodes. Horizontal and vertical/blink eye artifacts were corrected via topographic regression (thresholds: 150 and 250 mV, respectively). Data were highpass (0.5 Hz), low-pass (45 Hz) and notch filtered (50 Hz, 2 Hz-width). Remaining artifacts were identified manually and corresponding trials were excluded from analyses. Artifact-free recordings were exported to MATLAB for analysis.
QUANTIFICATION AND STATISTICAL ANALYSIS FFT Analysis of Stimulus-Driven SSVEPs
ERPs were created for four trial types defined by crossing the factors of search task (unique-feature, conjunction) and checkerboard target color frequency (8.33 Hz, 11.11 Hz) . Epochs (48 per ERP) corresponded to a period from cue onset to 2 s post-stimulation (14.4 s). Epochs were linearly detrended and DC-corrected, and those with absolute EEG amplitudes exceeding 100 mV at electrode POz were excluded from analysis.
The main FFT analyses were computed on the ERP period corresponding to letter arrays 3 -12 (inclusive, 8 s; linearly detrended and DC-corrected), a period during which search targets could appear and the SSVEPs for the letter arrays and checkerboards had reached ''steady state'' oscillation. The FFT resolution was 0.125 Hz, and SSVEPs were extracted at 1.25 Hz (letter arrays), 8.375 Hz (checkerboards) and 11.125 Hz (checkerboards). SSVEP amplitude topographies were constructed using the EEGLAB topoplot function in conjunction with the MATLAB natural neighbor, 2D interpolation method.
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Time-Frequency Analysis of Stimulus-Driven SSVEPs
Morlet wavelet time-frequency analyses were conducted using the Brainstorm MATLAB toolbox [41] (https://neuroimage.usc.edu/ brainstorm/). Wavelet settings were based on the grand mean ERP (averaged across groups) to ensure adequate temporal resolution (checkerboard SSVEPs should not arise before stimulus onset) and spectral resolution (responses at the two checkerboard frequencies should not overlap). The mother wavelet had a central frequency of 2 Hz and a temporal resolution of 3 s (spectral and temporal resolutions (FWHMs) at the checkerboard frequencies: 8.33 Hz: 0.52 Hz, 0.31 s; 11.11 Hz: 0.69 Hz, 0.23 s).
Monte Carlo permutation testing assessed the statistical significance of two contrasts (CBS minus MD, MD minus controls) at the two checkerboard frequencies during the peripheral visual field stimulation period (10.4 s). On each of 1,000 permutations, the group labels (CBS, MD, controls) for individual participants were shuffled and the contrasts for each checkerboard frequency were recomputed. The two-tailed probabilities of obtained contrast values (42,600 data points: 10.4 s 3 1024 data points/s 3 2 frequencies 3 2 contrasts) were computed based on the permutation distribution of contrast values (42,600,000 permuted data points).
Source Localization Analysis of Stimulus-Driven SSVEPs
Source analyses were performed using the Brainstorm MATLAB toolbox [41] using default settings. Standardized 10-20 channel reference positions were co-registered with the Colin27 brain template using the nasion, and left and right periarticular points. Grand mean ERPs (14.4 s; linearly detrended and DC-corrected) for each CBS and MD participant were submitted for source analysis. Forward modeling was conducted using a three-layer boundary element model consisting of scalp, skull and cortex. Inverse modeling was adapted from the depth-weighted minimum L2 norm estimator of cortical current density, which was normalized by the statistics of the noise (data covariance) from the experimental recordings (the 2-s pre-stimulation period corresponding to target cue and fixation displays). FFTs were performed across the entire cortical surface (15,002 vertices) for the period of maximal difference between CBS and MD groups at the sensor level (6.2 -8.0 s, relative to stimulation onset; linearly detrended and DC-corrected). The FFT resolution was 0.556 Hz, and checkerboard SSVEPs were extracted at 8.33 Hz and 11.11 Hz.
Monte Carlo permutation testing assessed the statistical significance of the contrast CBS minus MD. On each of 1,000 permutations, the group labels (CBS, MD) for individual participants were shuffled and the contrast for each vertex and checkerboard frequency was recomputed. The probabilities of obtained contrast values (15,002 data points) were computed based on the permutation distribution of contrast values (15,002,000 data points). V1 and V2 regions were based on the Brodmann atlas. Parietal and temporal regions, as well as occipital regions (excluding V1 and V2), were based on the Destrieux atlas.
Resting State Analysis of Endogenous Oscillations
Time series at electrode POz were extracted for each of the eight 30-s rest periods between blocks without peripheral visual field stimulation. Each rest period was divided into 112 3 2-s epochs (0.125-s sliding window; linearly detrended & DC-corrected). Epochs with voltage ranges exceeding 100 mV were discarded, with the remainder submitted to FFTs (0.5 Hz resolution). The grand mean resting-state spectrum for each participant was averaged across epochs. The two contrasts of CBS versus controls and CBS versus MD involved single-sample t tests conducted separately for each frequency in the range 1 -48 Hz (see Figure S3 ).
Extent of the Functional Scotoma
To assess whether the CBS and MD groups differed in the extent of the functional (i.e., behavioral scotoma), we created grand mean scotoma maps for each group by averaging target identification accuracy (% correct) across participants at each of the 24 probed visual field locations. Target identification accuracy was scored 0 if participants incorrectly reported the target letter identity (''T'' or ''L'') or target absence. Mean CBS and MD maps were visualized by submitting identification accuracy at each visual field location to EEGLAB's topoplot function, which uses natural neighbor 2D interpolation. Statistical significance was assessed for the comparison CBS minus MD by creating a grand mean subtraction contrast in which obtained identification accuracy values (D%) were calculated separately for each visual field location. Monte Carlo permutation simulation established significance thresholds (a = .05, two-tailed) by shuffling group labels (CBS or MD) and recomputing the subtraction contrast on each of 100,000 permutations.
DATA AND SOFTWARE AVAILABILITY
Custom-written MATLAB code is available upon request.
